Viroids are highly structured, single-stranded, non-protein-coding circular RNA pathogens that replicate, spread and elicit severe to mild disease symptoms in sensitive host species. The functions of viroids are thought to be due to a molecular element (or elements) embedded within the small RNA molecule that recruits the host factors responsible for transcription, RNA transportation and regulation of gene expression. Coleus blumei viroid 1 (CbVd-1) is distributed worldwide and is known for its characteristic property of having an extremely high frequency of seed transmission. During our analysis of CbVd-1 seed transmission, two variants, CbVd-1/25A and CbVd-1/25UU, were shown to have distinct seed-transmission frequencies: 30 and 0 %, respectively. Seven infectious dimeric forms of CbVd-1 cDNA clones were created based on the sequences of CbVd-1/25A,CbVd-1/25UU and an additional five variants with unique loop structures in other portion(s) of the molecule, and in vitro transcripts were inoculated into viroid-free coleus seedlings. All seven CbVd-1 variants showed infectivity. Nucleotide sequence analysis of the progeny revealed that four of the five additional mutants changed to either CbVd-1/25A or CbVd-1/ 25UU, while, CbVd-1/25A, CbVd-1/25UU and one of the five additional mutants (CbVd-1/I2) replicated stably. As expected, CbVd-1/25A and CbVd-1/I2 were transmitted through seeds, but CbVd-1/25UU was not. CbVd-1/25A and CbVd-1/I2 shared the same nucleotide at position 25 in loop five but are different from CbVd-1/25UU at that position. Therefore, nucleotide 25 in loop five was identified as a determinant for seed transmission of CbVd-1.
INTRODUCTION
Vertical transmission is a type of infection in which bacteria, viruses, or parasites are transmitted directly from a mother to an embryo or baby during pregnancy or childbirth. Seed transmission, the plant version of vertical transmission, is observed with infectious agents, such as fungi, bacteria, or viruses. Plant pathogens such as viruses and viroids invade and spread in a variety of styles, e.g. by sap, grafting, vegetative propagation, insect vectors, soil, pollen and seeds. Seed transmission is one of the most useful strategies for pathogens to succeed in passing the species to the next generation. In particular, the plant cryptovirus (family Partitiviridae), only propagates and transmits through seeds or pollen, unless propagation and transmission occurs through cell multiplication without causing disease [1] .
The complicated processes of seed transmission likely developed as a consequence of a long history of interaction between pathogens and hosts under various environmental conditions, although many questions remain unanswered. Pathogen transmission through seeds is still of particular importance in epidemiology for perpetuation and dissemination, as well as in modern horticulture for the production of healthy seeds and crops for the globalization of agricultural products [2] [3] [4] [5] [6] .
There are nearly 231 plant viruses and viroid diseases worldwide that have been reported to be seed transmitted [7] . The term 'seed transmission' refers to the passage of pathogens from seeds to seedlings, which is economically significant for some plant viruses and is more common in leguminous species [7] . With the exception of tobacco mosaic virus [8] , seedtransmitted viruses are carried within the embryo. Although the potential significance of seed transmission was recognized nearly a century ago [9, 10] , the underlying mechanisms that determine the seed transmissibility of viruses/viroids are not fully understood. Seed transmissibility originating through the parent ovule depends upon the ability of a virus to infect floral parts early in their development. The two dominant factors determining whether seed transmission occurs and at what frequency are host-virus interaction and timing of infection. Environmental factors, particularly temperature, can also influence transmission frequency, but to a lesser extent [4, 7, 11] .
Viroids are naked, single-stranded, circular RNA molecules that do not contain genetic information that is translatable to protein. However, viroids can behave like conventional viruses once in living host cells [12] . Namely, viroids show host specificity, replicate by relying on host transcriptional machinery, produce mutations for adaptation, spread systemically from cell to cell through plasmodesmata or to embryos and sometimes elicit phenotypic changes (or disease) in the invaded host species. It is particularly interesting that these multiple functions are embedded within the small RNA molecule.
At least eight viroids have been shown to be transmitted through seeds to the seedlings of one or more hosts [5] . Avocado sunblotch [13] , chrysanthemum stunt [14] , cucumber pale fruit and potato spindle tuber viroids have been detected in pollen from infected plants. The application of pollen from infected plants to flowers on healthy plants resulted in infected seedlings, confirming transmission through pollen. In greenhouse tomato crops, the tomato apical stunt viroid can invade the embryonic tissues of the seeds and spreads by seed transmission at rates of up to 80 % [15] . For potato spindle tuber viroid (PSTVd), the best studied of the seed-borne viroids, the percentage of infected seedlings obtained from infected plants is highly variable (between 0 and 100 %) in certain potato cultivars [16, 17] The molecular mechanism by which viroids move from gametophytic tissues to invade maternal vegetative cells is not fully understood. However, histopathological examination revealed the process by which the pollination of flowers of healthy potato cultivars with pollen from PSTVd-infected plants resulted in the infection of true seeds as well as the infection of various tissues in the mother plants. Namely, in situ hybridization was used to analyse the difference in the distribution patterns of PSTVd and tomato chlorotic dwarf viroid (TCDVd), the closest relative of PSTVd, in the floral organs of tomato plants, because TCDVd is not transmitted through tomato seeds. Following the invasion of floral organs, TCDVd became localized solely in sepals at an early developmental stage, and then reached other floral organs at the flower opening stage, with the exception of part of the placenta and ovules. TCDVd was not detected in the outer integument around the embryo sac, which was in contrast to PSTVd, suggesting differences in seed-transmission rates [18] .
Coleus blumei viroid 1 (CbVd-1), a species in the genus Coleviroid, family Pospiviroidae, was first reported in a commercial yellow coleus (Plectranthus scutellarioides) in Brazil in 1989 [19] , and was then reported worldwide in Germany, Japan, Canada, Korea, China, Indonesia and India [20] [21] [22] [23] [24] [25] . Five distinct species of coleus viroids, including tentative ones (CbVd-1,-2, -3, -5 and -6), have been found [26] . CbVd-1 is the most prevalent, experimentally infects several species of Lamiaceae with or without symptoms and has the unique characteristic of transmitting through seeds at an extremely high rate [21, 24] . In a survey of commercially available coleus seeds in Canada, the infection rate of CbVd-1 in seed lots from four commercial sources of coleus ranged from 16-68 % [24] . CbVd-1 was detected in dormant as well as in sprouted single seeds with a transmission rate of 71.4 %, and was present in the flower parts and endosperm, but not in the seed coat. A report from Korea also revealed that CbVd-1 infection rates in seedlings of the 14 commercial cultivars of coleus ranged from 0 to 100 % [20] .
The seed and pollen transmission of viroids can be of special epidemiological interest in efforts to control disease epidemics [17] . Seedlings from viroid-infected seeds that exhibit mild or no symptoms represent insidious sources of inoculum. In cases of compatible viroid-host combinations, even though the initial rates of seed transmission are low, the existence of a few infected seedlings could initiate serious disease epidemics if they are not suspected until the viroid had been widely disseminated through normal cultural activities [5] . In this paper, we have focused on the molecular determinant of CbVd-1 that is responsible for seed transmission and identified that the nucleotide at position 25 is critical. Surprisingly, the variants with A at position 25 showed high seed-transmission rates, although the variant with UU at position 25 retained the equivalent level of infectivity, but lost the ability to transmit through seeds. Therefore, it appears that seed transmission of viroids can be changed dramatically by a point mutation.
RESULTS
Selected transmission of a specific CbVd-1 variant through coleus seeds from co-infected mother plants to progeny seedlings During surveillance of coleus viroids by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and reverse transcription/polymerase chain reaction (RT-PCR) using a Coleviroid genus-specific primer set, a coleus plant (named 'Brown' and abbreviated as 'Br') of the vegetative reproduction type purchased in a local market was shown to contain two distinct bands of approximately 250 bp in length, which is similar to CbVd-1 (Fig. 1a, b) . The bands were recovered separately and used for cloning and sequencing. Of the 11 sequences from the faster migrating band, 10 consisted of 249 bp and one consisted of 250 bp. On the other hand, of the four sequences from the slower migrating band, three consisted of 250 bp and one consisted of 249 bp. Multiple alignments of these 15 sequences revealed that they are only different at nucleotide position 25 (A in the 249-nt variant and UU in the 250-nt variant). The other nucleotides were completely identical, indicating that the difference in length came from the number of nucleotides at position 25.
Further analysis of an additional 36 cDNA sequences from a mixture of the two bands revealed that the ratio of the 249-nt variant to the 250-nt variant was 22 (61.1 %) to 14 (38.9 %), respectively. A BLAST homology search of these sequences revealed that the 249-bp variant completely matched those reported in Korea (CbVd-1-K, accession no. EU410620), China (CbVd-1-I1, accession no. DQ178399) and India (CbVd-1-Ind1, accession no. AB740017). The 250-bp variant completely matched a CbVd-1 variant reported in China (CbVd-1-B, accession no. DQ178395). These results indicate that both the 249-nt and 250-nt variants are predominant in the Asian CbVd-1 population.
The seed transmission of the CbVd-1 variants was further examined by collecting seeds from the coleus plant, Br, and establishing 20 seedlings. Total RNA was extracted individually for analysis by 2D-PAGE and Northern hybridization assays. Six out of 20 were positive for CbVd-1 (Fig. 1c) , meaning that the seed-transmission rate was 30 %. The circular form of CbVd-1 was purified individually from the six positive seedlings by 2D-PAGE for RT-PCR amplification, cloning and sequencing. Approximately 11-12 cDNA sequences per seedling, for a total of 70 sequences, were determined from the 6 CbVd-1-positive seedlings. Surprisingly, all 70 sequences completely matched the 249-nt variant with A at nucleotide 25, and no 250-nt variants were detected. That is, only the 249-nt variant (hereafter designated as CbVd-1/25A) was selectively transmitted to the seedlings through seeds, but the 250-nt variant (CbVd-1/ 25UU) was left in the mother plant.
Identification of specific CbVd-1 variants transmissible through seeds The importance of viroid molecule loop structures in biological functions such as replication and trafficking has previously been reported [27] . Since changes in the nucleotide at position 25 were strongly associated with CbVd-1 transmission through seeds, possible structural changes were predicted by Mfold. CbVd-1/25A formed an internal-loop structure at the fifth loop (loop five) containing the nucleotide 25A. In contrast, CbVd-1/ 25UU formed a bulge loop at the corresponding position (compare Fig. 2a, b) . Therefore, we further analysed the loop structures of CbVd-1 in relation to seed transmission. Dimeric infectious cDNA clones of CbVd-1/25A and CbVd-1/25UU were constructed and in vitro transcripts were used for the infection of viroidfree coleus seedlings (T-1). To elucidate any structural influence on the nature of the seed transmission of CbVd-1 caused by loops other than loop five, five additional CbVd-1 variants with unique loop structures in other portion(s) of the predicted rod-like secondary structure were selected from those deposited in the Genbank/EMBL/DDBJ DNA data banks and dimeric cDNA clones were prepared for the infection assay (Fig. 2c-g ). (1) and CbVd-6 (6), were detected by 2D-PAGE from coleus (Br). The 2D-PAGE directions are shown by arrows and '1st' and '2nd'. (b) CbVd-1 was specifically amplified by RT-PCR using a CbVd-1-specific primer set that amplified a fulllength cDNA fragment of CbVd-1. Two discrete bands with sizes of around 250 bp, later designated CbVd-1/25A (smaller) and CbVd-1/ 25UU (larger), were detected from coleus (Br) by analysis using 7.5 % PAGE in Tris-Acetate-EDTA buffer. (c) Seeds collected from the coleus (Br) mother plant were sown individually in pots and obtained a total 20 progeny seedlings. After these seedlings had grown to the maturity stage, samples were collected for RNA extraction and used for CbVd-1 infection assay using Northern blot hybridization. Six out of 20 coleus seedlings were positive. M, 100-bp ladder marker; À, minus control; +, plus control.
One to two months after inoculation, all seven CbVd-1 variants showed infectivity; 30-100 % of the inoculated plants were positive in an RNA gel blot hybridization assay (Fig. 3) . Further analysis of the nucleotide sequences of progeny propagated in the infected coleus seedlings revealed that CbVd-1/25A, CbVd-1/25UU and CbVd-1/I2 replicated stably, but the other four CbVd-1 variants changed to either CbVd-1/25A or CbVd-1/25UU (Table 1) . These results suggested that CbVd-1 variants deposited in the DNA database include defective mutants that cannot replicate stably, although the possibility that they can replicate stably in other coleus varieties cannot be excluded.
In summary, two major variants of CbVd-1, 25A and 25UU, and one additional variant, I2, were stable variants. Notably, CbVd-1/25A and I2 shared the same nucleotide at position 25, but I2 has an additional mutation at position 121, where unique loop structures (loops 24 and 25) can be formed at the right-hand end of the molecule (Fig. 2c) . For each of the three CbVd-1 variants, 7-10 infected plants were grown and the seeds from these plants were pooled. Then 10 seeds for each variant were grown to obtain progeny plants and total RNA was extracted separately from each individual plant. Initially, the 10 RNA samples for each variant were examined by RNA gel blot assay and RT-PCR for the presence of the viroid as a pooled sample. Subsequently, for viroid-positive samples, each RNA sample was examined individually.
CbVd-1 was positive by RNA gel blot and by RT-PCR in the progeny seedlings derived from mother plants infected with CbVd-1/25A and I2 (Fig. 4a-c) . Individual plant analysis further showed that two progeny plants from CbVd-1/ 25A and one from CbVd-1/I2 were positive, indicating that the seed-transmission rate was 20 and 10 %, respectively (Fig. 4d) .
Nucleotide sequencing of 10 cDNA clones of each of the CbVd-1/25A and I2 progenies transmitted through seeds in the 3 CbVd-1-positive seedlings (for a total of 30) showed that they are all identical to those used for infection and also those in the mother plants. In contrast, all 10 seedling plants from CbVd-1/25UU-infected mother plants were CbVd-1-negative. An additional 40 seedlings from CbVd-1/25UU-infected mother plants were again negative; i.e. a total of 50 seedling plants were negative. These results clearly indicated that only CbVd-1/25A and I2 were transmissible through seeds.
The seed-transmissible variants, CbVd-1/25A and I2, shared the same nucleotide and internal loop structure at position 25 in loop five, but were different from each other at position 121 (U in CbVd-1/25A and A in CbVd-1/I2), and the nucleotide substitution can result in different loop structures in loops 24 and 25 (Fig. 2b, c) . On the other hand, the sequences and the structures of loops 24 and 25 of CbVd-1/25A were equivalent to those of CbVd-1/25UU, the non-seed-transmissible variant (Fig. 2a, b) , indicating that these loops do not participate in seed transmission. Consequently, the sequence/structure of loop five was identified as a key determinant of CbVd-1 for seed transmission.
DISCUSSION
Viroids are self-replicating, non-protein-coding RNAs that can replicate to high titres in infected host cells and show an extremely high mutation rate [28] . Many variants with nucleotide substitutions, insertions and/or deletions have been identified from naturally infected crops. Analysis of naturally occurring and artificially created viroids revealed that even a single mutation can induce dramatic changes in biological functions such as pathogenicity or host specificity. For instance, the introduction of a U to A substitution at position 257 in a PSTVd-Intermediate isolate resulted in the appearance of 'flat top' symptoms in infected tomato plants, indicating that a single nucleotide substitution can change the pathogenicity and induce a more pronounced inhibition of cell growth and shoot development in plants [29] . Further, the introduction of a C to U substitution in PSTVd-KF isolate at position 259 greatly enhanced the ability to replicate and spread systemically in tobacco, meaning that a single nucleotide substitution can change host specificity and convert a non-infectious form to an infectious one in Nicotiana tabacum [30] .
In this analysis, we detected two distinct CbVd-1 variants, CbVd-1/25A and 25UU, co-infecting a coleus plant, Br, a vegetative reproduction type. Six out of the 20 seedlings established from Br seeds were constitutively positive for CbVd-1, indicating that the seed-transmission rate was 30 %. Nucleotide sequence analysis revealed that all 70 cDNA clones randomly selected from the six seed-transmitted coleus plants showed an identical sequence to the CbVd-1/25A variant, although the mother plant, Br, harboured 3, Underlined nucleotides changed after inoculation. For example, 'UU to A' means that UU in the inoculum changed to A after inoculation.
Tsushima and Sano, Journal of General Virology 2018;99:393-401
CbVd-1/25A and 25UU at a ratio of 61.1 : 38.9. These results indicated that the variant CbVd-1/25A was selectively transmitted through seeds from co-infected mother plants. Further analysis of the infectivity and seed transmissibility of CbVd-1 variants using in vitro transcripts indicated that both of the variants were highly infectious and replicated stably, but only CbVd-1/25A was transmitted through the seeds at a rate of 20 %. The observed value seemed lower than had been expected based on reported rates of 100 % at the highest observed seed-transmission rate in naturally infected coleus plants [20, 21, 24] . However, we think that this is a reasonable value when the fact that the seeds were obtained from the first generation of artificially infected seedling plants is taken into account. It is highly probable that the seed-transmission rate will increase in successive generations, because the frequency of seed transmission was reported to vary depending on host cultivars and the timing of infection [4, 5, 7] . Constitutionally infected plants, if growing normally without morphological defects, can produce seeds with higher infection rates. It is important for seed health management to clarify whether such an event can actually occur in viroid seed transmission; therefore, further analysis is essential. Consequently, the results showed that a single substitution at nucleotide position 25 in CbVd-1 from A to UU impairs or dramatically reduces the ability to transmit through seeds, although the change does not drastically affect their accumulation in the plant.
Since nucleotide 25 forms loop five, the nucleotide or the structure of loop five seems to be a key determinant for seed transmission. The importance of loops or bulges for the biological functions of viroid RNA, especially for trafficking from cell to cell, bundle sheath to mesophyll and epidermis to phloem to establish systemic infection, was examined thoroughly in a series of experiments using PSTVd-infected plants [28, [31] [32] [33] [34] [35] . Most of the 27 loops and bulges found in the predicted secondary structure of PSTVd were shown to be more or less critical for replication in single cells or for systemic trafficking in a whole plant. For example, loop seven, comprising nucleotide U43/C318, is required for trafficking from the bundle sheath into the phloem in N. benthamiana. An established three-dimensional structural model of loop seven showed that U43 and C318 form a cis Watson-Crick/Watson-Crick base pair with water insertion, which likely widens the minor groove to create a binding site for a protein [36] . In the case of CbVd-1, the variation found at position 25 from A to UU can change loop five from an internal loop (A25A26/A224) to a bulge loop (U26A27/À). Since only the variant with the internal loop five transmitted through seeds, the motif existing in loop five may be critical for trafficking in floral organs such as sepal, placenta, ovules, embryo sac, or embryo. Further analysis is necessary on these points.
Seed transmission of plant viruses and viroids has been known for nearly 100 years, and has been considered to be a serious problem from the viewpoint of modern agriculture because pathogens transmit and disperse widely from infected mother plants to the next generation. An attractive strategy for virus/viroid survival is to send progeny into the next generation through the host embryo cells. In this way, seed transmission is an interesting phenomenon from the scientific viewpoint that pathogens invade embryos produced in the infected mother plant. However, the process of seed transmission is considered to be highly complicated and little is known about the molecular mechanisms. Attempts to investigate the factors involved in seed transmission revealed complicated interactions of genetic factors between the virus and the host, such as a single recessive gene or multiple maternal host genes [37] [38] [39] [40] , genetic determinants in viral RNAs [41, 42] and particular proteins encoded by viruses [43, 44] . In the case of viroids, however, we report here that a naturally occurring point mutation in CbVd-1 can cause a dramatic change in the ability to transmit through seeds. More detailed histopathological analysis on the process in which CbVd-1 invades floral organs using the variants characterized here will contribute to elucidation of the underlying molecular mechanisms in viroid seed transmission.
METHODS

Viroid sources and coleus plants
The coleus plants used to isolate CbVd-1 were purchased in local markets in northern Japan. A viroid-free coleus line (T-1) was selected in this experiment from commercial varieties and propagated by seed. Viroid-free coleus plants were repeatedly examined by 2D-PAGE and RT-PCR using CbVd-1-specific and Coleviroid genus-specific primer sets [22] to ensure that they remained uninfected.
Construction of recombinant plasmid DNA containing dimeric full-length CbVd-1 cDNA A unit length double-stranded cDNA of CbVd-1 was synthesized in pUC9 plasmid DNA at the BamHI site (FASMAC Co., Ltd, Kanagawa, Japan). A unit length CbVd-1 cDNA was PCR-amplified by using two sets of primers: H1:BamCbVd1-1P (5¢-TCCTGCAGCCCGGGGTGGCTCGAACTG ACTAGAAC-3¢) and CbVd1-250M (5¢-AGCTCGTTTAA GCTGAACTA-3¢), and T2: CbVd1-235P (5¢-CAGCTTAA ACGAGCTTGGCTCGAACTGACTAGAAC-3¢) and BamCbVd1-250M (5¢-TAGAACTAGTGGA TCAGCTCGTT-TAAGCTGAACTA-3¢ (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) C for a day length of 11-15 h).
Extraction and purification
Samples of two leaf discs (~0.5 g) per plant were collected and used for nucleic acid extraction. Total RNA was extracted using TRI reagent (Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer's instructions. The optical density was quantified with a NANO DROP 2000 spectrophotometer (Thermo) and the concentrations were adjusted to 300 ng µl
À1
. RNA preparations were used for the detection, purification, RT-PCR, cloning and nucleotide sequencing of CbVd-1. For further purification of CbVd-1, samples were electrophoresed in 2D-PAGE and the band corresponding to the circular RNA was excised and recovered from the gel [45] .
Detection -northern hybridization, RT-PCR, cloning and sequencing Northern or RNA gel blot hybridization assays were carried out as previously described using a DIG-labelled CbVd-1-specific RNA probe [45] . The hybridization signals were visualized on a Chemidoc-XRS imaging system (Bio-Rad Laboratories, CA, USA) using the Quantity One (version 4.6.2) software package. For RT-PCR assays, approximately 600 ng of total RNA was reverse-transcribed in a 25 µl reaction mixture using M-MuLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and the Coleviroid genus-specific primer, CbVd-UCCR-M (5¢-GTTCCCTGGCAGCGCTG-CAA-3¢), for 60 min at 37
C. An aliquot (2 µl) of RT solution was added to a final 25 µl PCR reaction mixture, containing 0.25 µl LA Taq polymerase (Takara Bio, Shiga, Japan) and 1.0 µl each of the PCR primers, CbVd-UCCR-P (5¢-TTGCAGCGCTGCAACGGAAT-3¢) and CbVd-UCCR-M. The PCR cycle parameters included an initial denaturation of 94 C for 4 min, followed by 30 cycles of 94 C for 1 min, 55 C for 1 min, 72 C for 1 min and a final extension at 72 C for 10 min. The PCR products were electrophoresed in 7.5 % polyacrylamide gels, and an amplicon of the expected size (~250 nt) was ligated into the pGEM T-Easy vector (Promega, Madison, WI, USA) for the transformation of E. coli DH5a cells using JET competent cells (Biodynamics Laboratory Inc., Tokyo, Japan). Sequence analysis was performed on an ABI 3500 genetic analyzer (Applied Biosystems, Foster City, CA, USA) or by the Solgent Co. (Seoul, Korea). 
